Abstract-This paper presents an integrated Doubly Fed Induction Generator (DFIG) and flywheel energy storage architecture that provide output power stability based on a new dynamic adaptive control approach. First, a grid-connected two-mass DFIG and a grid-supportive single-mass squirrel cage induction generator based flywheel energy storage system models have been considered for controller design and proof of concept exploration. Second, new adaptive dynamic control architecture is designed for active and reactive power balancing from wind farm with flywheel energy storage during normal and abnormal operating conditions. The proposed architecture is very effective in mitigating oscillations, thus providing a novel methodology for a stable microgrid or increasing wind energy penetration to the grid.
Abstract-This paper presents an integrated Doubly Fed Induction Generator (DFIG) and flywheel energy storage architecture that provide output power stability based on a new dynamic adaptive control approach. First, a grid-connected two-mass DFIG and a grid-supportive single-mass squirrel cage induction generator based flywheel energy storage system models have been considered for controller design and proof of concept exploration. Second, new adaptive dynamic control architecture is designed for active and reactive power balancing from wind farm with flywheel energy storage during normal and abnormal operating conditions. The proposed architecture is very effective in mitigating oscillations, thus providing a novel methodology for a stable microgrid or increasing wind energy penetration to the grid. N EW methods to balance the output of variable and intermittent energy resources such as wind and solar energy have been an important area of research in recent times. This research direction has become even more critical especially since a) replacement of fossil fuel based resources with renewable energy sources are becoming a mandate in several countries and b) output stability of such resources has been a challenging issue. Among the renewable sources of energy, wind based power plants are used at a larger scale, directly interconnected to the power grid transmission systems. However increasing issues related to grid instability with higher penetration of wind farms is a major concern. To overcome this, energy storage devices are commonly used in conjunction with wind farms [1] - [4] . Among the storage options, flywheel energy storage systems have been proposed due to its ability to provide dynamic storage capabilities. Flywheel energy storage has also shown significant advantage when working with wind farms as the ramping up and down time of flywheel storage system is close to variable characteristics of wind energy.
Index Terms-Doubly fed induction generator (DFIG), dynamic adaptive control, flywheel energy storage system (FESS), low voltage ride through (LVRT).
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Generally power stability and output power smoothness of wind farms is achieved by direct torque control and a combination of vector and decoupling control [3] , [5] . For modeling and control purpose, DFIG models use dynamic equations such as the ones discussed in [6] - [12] . One of the main disadvantages of the DFIG integrated with the grid is the challenges in control during changing wind speed and the subsequent voltage oscillations of the DFIG with changing grid conditions [13] . This input variability and reactive power imbalance makes the wind farm a non-dispatachable generator.
Several solutions have been discussed in the past for mitigating such oscillations [13] - [17] . In most of those solutions, physical modifications are being proposed to wind farms by including additional devices to alleviate grid frequency, power, and speed and voltage oscillations. Devices such as resistors connected to rotor winding to dissipate the energy [14] , FACTS devices including STATCOM and/or SVC [16] to improve reactive power support, shunt capacitor filter [17] were among some of the modifications that has been proposed. Even though such designs mitigate specific oscillatory behavior, these approaches does not provide a holistic solution that maintain active power and energy balancing of wind farm.
Integration of wind farms and energy storage is a convincing way to enhance power and energy capability of the wind turbines and thus providing improvement in active and reactive power support. For designing such an integrated architecture, small signal modeling of integrated windfarm energy storage architecture and the design of a capable control architecture that can provide both active and reactive power support during normal operation and contingencies is extremely critical.
Generally the flywheel energy storage is used in conjunction with wind turbine for these application due to the following advantages: a) The response time of the flywheel is very fast and well suitable for stability applications; b) Flywheel can deliver or absorb huge bursts of energy for small time duration; c) Efficiency of these devices are very high; and finally d) Such energy storage devices provide balanced power during varying wind speed thus contribute to reduced rotor oscillations.
For wind turbines, it is appropriate to utilize a storage device that can provide high power density and moderate energy density. For these applications Superconducting Magnetic Energy Storage (SMES) storage cannot be used due to their low energy density. Compressed Air Energy Storage (CAES) requires large space and size and thus not considered for wind energy applications. Similarly, ultra-capacitors has very low energy density and thus cannot be used for larger time energy storage for such applications. Thus electrochemical energy storage devices and flywheels are the main two options for the application of wind turbine output power smoothening considering stochastic nature of wind input [18] , [19] .
Compared to electrochemical energy storage, flywheels have considerable advantages. First, they provide constant energy capacity for full range of operational temperature (−35°C to +40°C). Second, they cover yearly variations of weather conditions, and provide high number of charge discharge cycles (typically in millions for a lifetime of 15-20 years). Flywheels also require only short duration of storage charging (considering the rated power discharging capability) [16] , [18] , [19] . Most importantly, the above features allows the flywheel to be located in direct proximity of the turbine, operate it without any restrictions during the turbine lifetime, enables smooth charging even during quick variations of the wind. Also, flywheels are characterized by high efficiency (higher than the battery), occupies less space and has shown to be cost effective (50% lower when compare to batteries [20] for high power density related applications).
In this paper a new approach of controlling the flywheel using a dynamic control architecture evolved from [6] , [21] - [24] , and based on an integrated small-signal model of wind turbine-FESS is proposed. In the proposed approach, the fundamental frequency of the stator voltage is modified at the flywheel side converter (FSC) controller. Thus, the rotor speed of the flywheel follows the fundamental speed of the stator voltages if the slip speed can be made zero. To analyze the performance, the system with only DFIG and the combined model of DFIG and flywheel is evaluated. Further the integrated system is tested with IEEE 39 bus dynamic model. Results are illustrated for both active and reactive power support of the flywheel based on the proposed architecture during normal and low voltage conditions in the grid. The main contributions of the paper is that the architecture provides 1) A new integrated small signal model for controlling the flywheel based on the variations in the DFIG power output. 2) Enhanced wind farm output stability due to the proposed dynamic adaptive control methodology. 3) Direct frequency based active power management and decoupled active and reactive power control. The rest of the paper is organized as follows: Section II discusses the modeling of the DFIG based wind turbine. Section III illustrates the modeling of flywheel energy storage device. Section IV explains the integrated model and adaptive dynamic controller design. Section V provides a method for flywheel sizing and Section VI illustrate the performance verification with a single wind turbine. Section VII discusses the implementation results on the interconnected power grid using industrial grade dynamic simulation software (Dig-Silent) and Section VIII provides the conclusion.
II. MODELING OF DFIG
Proposed DFIG-flywheel architecture that is connected to the grid is as shown in Fig. 1 .
A. DFIG Mathematical Model
The mathematical model of DFIG with generator side convention can be expressed using differential algebraic equations (DAE) represented in (1)-(8) all in p.u. [7] . 
B. Rotor Side Control of DFIG
Based on the DFIG model, the rotor dynamics and control can be represented as follows. From the stator reference transformation, we get P s = v qs i qs . Substituting i qs from (6) in above, and ψ dr and ψ qr from (7), (8) 
Also we know,
Further, from Q s = v qs i ds , the reactive power fed to the grid can be represented as (by neglecting stator transients and r s ),
The reactive power on the stator side has two component; magnetizing current component (i dr mag ) and generator reactive current component (i dr gen ). Using (11)
(12) Comparing both sides
where Q s mag must equate to zero to compensate no load reactive power consumed by DFIG and
From (5) and (6) using ψ qs = 0, ψ ds = constant and substituting i ds , i qs in (13), yields,
Thus, the integrated rotor side control of the wind turbine generator with active power controller can be illustrated as shown in Fig. 2 
C. Grid Side Control of DFIG
The voltage balance on the grid side convertor can be represented as
where v abc is grid side voltage, v a1b1c1 are the grid side converter voltages and L and R are the line inductance and line resistance between these two voltages, respectively. Transforming this to stator voltage oriented (SVO) reference frame (v dg = v gsc and v qg = 0) rotating at synchronous speed, voltage balance becomes
The associated active and reactive power flows from grid side to dc side can be represented as
Using (16), (17), we get
and
From the above discussions, the overall grid side dynamics can be represented as shown in the Fig. 3 which implies that by controlling i dg the dc link capacitor voltage can be controlled. Fig. 1 ).
III. MODELING OF FLYWHEEL ENERGY STORAGE DEVICE
The flywheel energy storage system (FESS) is a squirrel cage induction machine operating with a flywheel coupled to its shaft. FESS is thus modeled as an induction motor at no load condition. For modeling purpose, first the kinetic energy of the FESS associated with its rotating mass is written as
where E Fly is the energy in joule, J Fly is the inertia of rotating mass in kg-m 2 and ω rFly is the speed of rotation in rad/s of the flywheel. Additionally, J Fly = (2H Fly × P base )/ω 2 rFly rated and P Fly = −∂E fly /∂t, where ω rFly rated is the rated flywheel speed.
From the above, the flywheel power can be represented as
where H Fly (s) is the inertia constant of the FESS. From (22) it implies that the flywheel absorbs power (charging) in motor mode when it speeds up and delivers power in generator (discharging) mode when it slows down. Using SFO the power fed to the grid by the flywheel can be represented as
This shows that the active power and reactive power is controlled by i qsfly and i dsfly respectively. Further, substituting (5) and (6) in (2) and using SFO reference frame (ψ qsfly = 0, ψ dsfly = ψ sfly = constant)
(24) Similarly from (1) we get
From (21)- (25), an FSC controller design for the output power and stator voltage control can be derived. In the architecture shown in Fig. 4 , Grid Side Converter (GSC) of the flywheel controls the DC link voltage and the reactive power flow through the converter.
With this, the power reference P ref fly can be generated based on the difference between P ref pcc and the actual wind generator output. Based on which, a tuned dynamic speed change input for active power control based on an input P pcc can be inherited.
IV. INTEGRATED MODELING AND CONTROLLER DESIGN
In order to design the inner loop and outer loop controller a new integrated small signal model of DFIG-flywheel system is derived. In this section integrated modeling and the design of the controller is discussed.
A. Drive Train Model of DFIG and Flywheel
Considering a two mass DFIG model evolved from [10] , the speed dynamics of the system (neglecting shaft dynamics) can be expressed as (Fig. 4) with P DFIG being the actual value of the power from the wind turbine. P avg can be calculated as a moving average signal of P DFIG using latest N samples of P DFIG . If we consider P ref pcc
where, N is the number of samples. In this paper, for averaging purpose a window size of 25 s is used. Our hypothesis is that changes in wind dynamics and subsequent changes in P ref pcc
and thus P ref fly , calls for a dynamic adaptive controller. In order to design such a dynamic adaptive controller, an integrated small signal state-space model of the DFIG-flywheel system is proposed.
B. Linearization and Integrated Small Signal Modeling
Neglecting the transmission losses at any wind speed the output power of DFIG can be presented as
Linearizing (32) for a small disturbance at any operating point
using (34) and (35), (33) can be represented as By linearizing (29) and substituting (36) and (37),
For defining the integrated state space model, the speed of the flywheel is transformed to a new reference by changing the fundamental frequency of the stator voltage of the induction machine. Based on linearizing (26)- (30) 
The positive command of P 
C. Adaptive Dynamic Controller Architecture and Design
From the previous discussions for a reference flywheel power (P ref fly ), we can get the following small signal block diagram for the power frequency changes in the grid due to DFIG speed oscillations using a feedback dynamic controller. The architecture (Fig. 5) Fig. 4 .
1) Identifier Design:
The identifier design has two steps. First, the order of identification has to be evaluated. Then, the system characteristics equation has to be defined and a method for finding parametric coefficients a 1 and b 1 has to be developed. To identify the order of the system, Hanker Singular Values (HSVs) [11] - [13] were obtained for the WT at a particular operating point and for the combined system, only first HSV is of significant magnitude, indicating that the integrated model may be reduced to a first order dynamic model. With this information we can represent the integrated DFIG-flywheel small signal model by its input-output relationship as
Where, 'k' represents the sampling time, P pcc 's are the output, ω ref rfly 's are input samples and a 1 and b 1 are identified model coefficients using RLS. Then a discrete transfer function can be represented as,
where, q −1 is the backward shift operator. The open loop characteristic equation can then be represented as
The RLS method for finding parametric coefficients a 1 and b 1 is illustrated in [22] , [25] - [28] , thus not discussed further.
2) Controller Design: The controller design is based on characteristic pole placement of the closed loop system and subsequent tuning of the gains based on the coefficient a 1 and b 1 that is identified online. Using pole shifting by a factor α (0 ≤ α ≤ 1), the closed loop characteristic equation of the system can be written as, To obtain self-tuning regulator, it is being assumed that
S q
T q
Using (42) and (45),
Comparing (48) and (44), we get
With pre-specified α and estimated a 1 and b 1 the two unknown parameters s 0 and s 1 can be easily computed. Then using (46)-(48) in (45) the control signal can be presented as
(51) However the conventional Integral structure is ( [22] , [25] - [28] )
Comparing (51) and (52), s 1 = 0 and thus
Fig . 6 represents the overall flowchart. It can be seen that the adaption control augments conventional inner loop and outer loop controllers. The sampling period T s and pole shifting factor α have been kept as 0.01 sec and 0.7 respectively.
D. Reference Power Model
Generally, flywheel is used to mitigate wind power fluctuations and smooth the active power from the WTG. However, one should ensure that the flywheel power is balanced and device is not overloaded. Hence the speed of flywheel has been taken within the operational range between 0.7 ≤ ω rfly ≤ 1.3 [p.u]. Using (22), the following equations can be written for the total energy balancing of the flywheel system (54) it is clear that when flywheel delivers power ω rnew < ω rold and when it absorbs power ω rnew > ω rold . Further when it hits speed limit, i.e. when ω rnew = ω rold , flywheel will be unable to supply any power to the grid and controller looses regulation capacity. Equation (54) also shows that with increased inertia, flywheel can mitigate larger power fluctuation and maintain grid balance.
V. A METHOD FOR SIZING OF FLYWHEEL ENERGY STORAGE BASED ON WIND PROFILE
In order to develop a suitable methodology to size and select the number of flywheels required, first the mechanical power relationship of DFIG is utilized considering maximum power tracking and wind turbine pitch control loop. Then, for a fixed window size one can find the value of the DFIG output power. Further, with a smooth power output based on the moving average or the rated reference, the flywheel reference power can be derived. Subsequently, from the past wind profile the maximum and minimum speed change can be generated for the specific window size. Based on this, from (54) the total number of flywheel for a given inertia can be determined. The flow chart for flywheel sizing is shown in Fig. 7 . For example, from the simulation results shown in Fig. 9 shows the response of the combined system connected to the grid with a step change in the wind speed.
A. Power and Frequency Support for Step Change in Wind
It is to be noted that in spite of varying wind speed the total power fed to the grid is almost constant which is equivalent to the rating of the DFIG. The comparison of grid frequency dynamics at the point of common coupling (PCC) is shown in Fig. 10 . It can be seen that the integrated system provides greater frequency regulation when compare to the system without the flywheel.
The wind energy sources are supposed to show low voltage ride through (LVRT) capability imposed by the grid codes. To evaluate the LVRT characteristics of the integrated system with the proposed control design, a low voltage condition in the grid is imposed by introducing a 3 phase resistance fault for 0.5 s. This causes the rotor and stator currents of the DFIG to rise to a high value beyond the capacity of the converter. Fig. 11 Illustrates the improvement in PCC voltage dynamics using flywheel, corresponding active and reactive power contributions of DFIG and the reactive power supplied by the flywheel. It can be proven that the grid side converter of the flywheel can be used much like a static synchronous compensator (STATCOM) to supply reactive power during the low voltage conditions. Next the performance of the system during a reactive power sink of 0.1 MW for 30 s is evaluated. Fig. 12 shows the reactive load, reactive power generation individually by flywheel and DFIG and associated PCC voltage dynamics. It can be seen that the reactive power support from the flywheel provides better voltage profile and thus it is less vulnerable to voltage oscillations.
B. Illustrations of Voltage and Reactive Power Balance During Abnormal Conditions
The effectiveness of the proposed dynamic adaptive controller to improve grid active power oscillations and reduce the oscillations in the rotor speed of the flywheel due to speed variations in the wind is illustrated next. Fig. 13(a) shows the real wind speed profile, (b) the output power of DFIG and the combined system, (c) shows the out- put power of the flywheel and (d) shows the rotor speed of the DFIG and flywheel to support a load of 2 MW in Fig. 8 . Fig 14(a) shows the dynamics of pitch angle, (b) twist angle, (c) C p , and (d) λ as per equations of C p (λ, β) . From this illustration the contribution of the moving average reference and the controller to reduce the oscillations of combined system and the flywheel rotor speed is clearly noticeable.
C. Illustrations of Integrated System Performance During Actual Change in the wind Profile
D. Illustrations of Integrated System Performance During Actual Change in the Wind Profile as an Aggregated Wind Farm
In this section the integrated controller performance on an aggregated wind farm with actual wind profile is illustrated. The controller is applied to each wind turbine in the wind farm (WF) consisting of 10, 1.5 MW wind turbines. This 15 MW WF is connected to a 12 MW load and interfaced to a 10 MW synchronous generator as shown in Fig. 8 one-line diagram. A flywheel of 8 MW is connected to the WF PCC. Fig. 15(a) illustrates the reference and output power of the flywheel with conventional PI and Fig. 15(b) with the proposed adaptive dynamic controller. The comparison uses an optimally tuned conventional PI with gain K i = 10. Comparing Fig. 15(a) and (b), it can be seen that proposed controller in Fig. 15(b) tracks the reference power perfectly. It is noted that the error in power reference tracking, is improved by 11% with respect to the conventional PI controller. Fig. 16 compares the effect of adaptive controller and a static integral controller on output power of the combined model (DFIG plus flywheel). This figure also shows the oscillating output power of the GE wind turbine without flywheel using conventional pitch controller. It can be seen that the output power smoothing can be further improved by the adaptive controller if it is installed in place of the existing controller (implemented in the field). For example at 250 sec the output power can be seen smoothed up to 6-7%. These illustrations discuss the capability of the proposed architecture during normal operations and abnormal operating conditions.
VII. EVALUATION ON INTERCONNECTED POWER GRID
For evaluating the performance of the integrated system connected as a part of the grid, dynamic simulations of reduced IEEE 39 New England test system consisting of 39 buses and 10 generators is considered. Generator 1 is an equivalent aggregated model for the part of the network that can be treated as one area and generators 2 to 10 can be treated as another area. Generator 2 to 10 are equipped with Power System Stabilizers (PSSs), which provide good damping of local modes and stabilize otherwise unstable open-loop system. The system details and standard operating conditions are shown in [13] , [29] . The overall system is modified with one aggregated wind farm (WF-I) at bus 38 supported by a flywheel and another wind farm (WF-II) of same rating without flywheel at bus 32 (Fig. 17 ). Each wind farm has 100 no's of 1.5 MW wind turbine with dynamic models of the turbine including the converter dynamics modeled in Dig-Silent Power Factory [30] . The wind farm output is thus 107.385 MW at bus 38 and bus 32 respectively which accounts to percentage penetration of 3.4% with base wind speed of 12 m/s. The size of the flywheel depends upon size of the wind farm and variation in wind velocity. This is mostly designed based on the historical wind data in order to ensure that the output power of the WF is always constant. In this test, the size of the flywheel has been taken as 32 MW (16 no's of 2 MW Induction machine, which is 29.8% of WF-I output). In order to evaluate the performance of the wind farms, the existing governors and PSS had been removed from generator 9 and 3. For balancing the system operation, an equivalent aggregated load of 107.385 MW has been added separately to bus 38 and bus 32. Table I shows the details of the interconnected grid. To evaluate the performance of the proposed architecture, three case studies are designed. In the first case study, the total power output of the integrated system is observed during changes in wind pattern using a real-wind profile. The main purpose of this study is to evaluate the capability of flywheel to smooth the power and analyze the adequacy of flywheel sizing method discussed before. In the second case, the active power changes of the integrated system (flywheel and DFIG farms) is analyzed for a load change initiated at 100 s in the presence of varying wind. The grid voltage and frequency is also studied for this case. In the third case study, the voltage and current changes along with the effect of the change in the turbine speed is analyzed, during a low voltage condition developed with reactive power sink. wind speed (12 m/s) for WF-II. It can be seen that the flywheel integrated system compensates for the changes in the wind variations and provides a combined smooth P total output. Fig. 18(c) compares the total output power of the wind farm using proposed controller and conventional controller. It shows that output power can be smoothed for an additional 3-4% when compared to conventional integral controller. Fig. 19 compares the tracking of the reference power of the controllers. It can be seen that with proposed controller the power reference tracking has been improved by 10% in comparison to conventional controller. Fig. 20 shows the comparison of total output power of the wind farm when existing individual flywheel with inertia H = 10.8 s is replaced by a lower inertia flywheel of H = 4 s, for same wind speed (as shown in Fig. 18(a) ). Fig. 20(a) shows that at several time instants the lower inertia flywheel is unable to supply additional power to meet the reference power as it already reaches to its max or minimum speed limit. For example at 237.7 sec (point 'A') the flywheel having lower inertia (H = 4 s) reaches to its minimum speed limit (ω r min = 0.7 p.u.) and remains till 263 s (point 'C'). Hence the individual flywheel is unable to supply any additional power to the PCC (see equations (54) and (22)).
A. Results and Discussions
For the second case evaluation, further, the load at bus 38 was increased by 30% at 100 s and removed at 102 s. Fig. 21 compares the grid voltages and grid frequencies at bus 38 and 32 during load changes and with real wind profile. It can be seen that proposed architecture provides significant improvement in balancing the frequency and voltage profile.
For the third case, a low voltage condition was created at 100 s, continuing up to 102 s providing a reactive sink at bus 38. Fig. 22 shows that the reactive power support from the flywheel provides voltage improvements that keep the voltage within the band (0.95 p.u.) as opposed to without flywheel where the voltage dips outside of the band (see the illustrated limit line). The stator and rotor currents of the DFIG and the combined model with flywheel are also shown in Fig. 22 . It can be seen that with this architecture, DFIG will not be required to trip through crowbar for low voltage conditions as the currents are within the limits. Additionally, Fig. 23 shows that the proposed architecture diminishes unwanted rotor oscillations of the conventional generators.
VIII. CONCLUSION
In this paper an integrated Doubly Fed Induction Generator (DFIG) and flywheel energy storage architecture that provides output power balancing based on a new adaptive control approach is presented. The control architecture provides power balance during active and reactive power oscillations due to input speed or output power variations. The proposed methodology provides dynamic stability to power output and thus other methods including requirements of crowbars during short circuit and reactive power compensators can be completely avoided. Also, the proposed architecture is very effective in mitigating oscillations thus provides a unique way for developing a stable micro grid or increasing wind energy penetration within an interconnected system. Controller Parameters: K p4 = 1, K i4 = 0.9, K p5 = 0.1, K i5 = 10, K p6 = 0.1, K i6 = 10, K p7 = 100, K i7 = 15, K p8 = 0.1, K i8 = 10, K p9 = 0.1, K i9 = 10.
